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ConnexinThe amino terminal domain (NT) of the connexins consists of their ﬁrst 22–23 amino acids. Site-directed muta-
genesis studies have demonstrated that NT amino acids are determinants of gap junction channel properties in-
cluding unitary conductance, permeability/selectivity, and gating in response to transjunctional voltage. The
importance of this region has also been emphasized by the identiﬁcation of multiple disease-associated connexin
mutants affecting amino acid residues in the NT region. The ﬁrst part of the NT is α-helical. The structure of the
Cx26 gap junction channel shows that the NT α-helix localizes within the channel, and lines the wall of the
pore. Interactions of the amino acid residues in the NT with those in the transmembrane helices may be critical
for holding the channel open. The predicted sites of these interactions and the applicability of the Cx26 structure
to the NT of other connexins are considered. This article is part of a Special Issue entitled: The Communicating
junctions, composition, structure and characteristics.
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rights reserved.1. Sequence of the amino terminal domain
The connexin proteins have been divided into different domains
based on their topologies within the membrane. These topologies
and the demarcation of the domains were initially predicted from hy-
dropathy plots of the connexin polypeptide sequences derived from
their cloned cDNAs [1–3]. The amino terminal domain (NT) of the
connexins consists of 22–23 amino acids in all members of the family
except Cx36 and Cx47 (Fig. 1). This region begins with the methio-
nine encoded by the ATG translational start codon. The NT ends just
before the ﬁrst transmembrane domain (TM1), with a positively
charged amino acid (lysine or arginine) at position 22 (β-connexins)
or 23 (α-connexins).1
The sequence of amino acids is substantially conservedwithin the NT
regions of different connexins. As shown by the sequence comparison
Fig. 1. Comparison of the amino acid sequences of the amino terminal domains of the 20 human connexins. The connexins are grouped according to sub-families (GJA, GJB, etc.) and
then ordered by increasing molecular weight. Gaps were allowed to maximize the identities among sequences. Numbers across the top indicate the amino acid number for the β-
connexins (GJB) and for the α-connexins (GJA). Polar amino acids are shown in green; hydrophobic amino acids are shown in orange, negatively charged amino acids are shown in
red and positively charged amino acids are shown in blue. The consensus sequence requires ≥50% identity at a given position [6].
1824 E.C. Beyer et al. / Biochimica et Biophysica Acta 1818 (2012) 1823–1830in Fig. 1, identical amino acids in more than 10 of the 20 members in-
clude Trp3(4), Leu6(7), Leu9(10), Leu10(11), Val13(14), Ser17(18),
Thr18(19), and Gly21(22) (numbered according to the β-connexins
with α-connexin numbering in parentheses).
Hydropathy plots predicted that the NTwas oriented towards the cy-
toplasmic side of the junctional membrane [1–3]. This hypothesis was
supported by topology studies that mapped the binding of sequence-
speciﬁc antibodies or protease-sensitive sites [7–12]. However, in isolat-
ed gap junctions, this region showed limited sensitivity to proteases
[8,11,13] and accessibility of antibodies [10], suggesting that the NT
was protected by its own folding, interaction with some other regions,
or close association with the membrane.
2. Modiﬁcations of NT amino acids and protein–protein interactions
A few papers have provided evidence for modiﬁcations of amino
acid residues in the NT regions of several connexins. Edman degrada-
tion studies of isolated gap junctions from heart and lens have sug-
gested that the ﬁrst methionine is post-translationally removed from
at least some α-connexins, including Cx43, Cx46, and Cx50 [14,15]. A
recent study using mass spectrometry has shown removal of the N-
terminal methionines from bovine Cx46 and Cx50 [16]. A second
group of investigators [17] also demonstrated cleavage to remove the
N-terminalmethionine fromCx46, but they only identiﬁed this truncat-
ed form inmembrane protein samples prepared from nuclear lens ﬁber
cells, not in those prepared from the lens cortex. Both groups of investi-
gators observed that some (but not all) of the new N-terminal glycine
residues were acetylated [16,17]. N-terminal acetylation of proteins is
a process that usually occurs co-translationally and is catalyzed by the
large N-α-acetyltransferase complexes (reviewed in [18,19]) after re-
moval of the N-terminal methionine by methionine aminopeptidase.
The extent of N-acetylation depends on the identity of the amino acid
at position 2. As noted by Shearer et al. [16], the unusual data obtained
for the lens connexins suggest that N-terminal acetylation of Gly2 in
these proteins may be post-translational and may have a regulatory
role. N-terminal acetylation of Met1 in Cx26 has also been demonstrat-
ed [20].
Other identiﬁed modiﬁcations of NT amino acids include acetyla-
tion of Lys15 in Cx26 [20], hydroxylation of Asn14 in Cx26 [20], and
deamidation of Asn13 in Cx46 [17]. Locke et al. [21] presented mass
spectrometry data suggesting phosphorylation within the NTs of Cx26
and Cx32, but they did not identify the modiﬁed amino acids. The pres-
ence of both unmodiﬁed and modiﬁed NT peptides isolated from Cx26and Cx32 implies that these modiﬁcations also are not “all or none”
and may occur post-translationally. (Indeed, they may occur after olig-
omerization of connexins into hemichannels.)
The connexin NT domain may also be involved in interactions with
other cytoplasmic proteins. The binding between Cx32 and calmodulin
involves the Cx32 NT [22], and Trp3 has been identiﬁed as a crucial
amino acid for this interaction [23].
3. Role of NT in formation of functional gap junction channels
A few studies have examined the roles of the NT domain or indi-
vidual amino acids within it in various steps in the formation of gap
junction channels and plaques. The studies of Zoidl et al. [24] sug-
gested that at least part of the NT may be required for proper trafﬁck-
ing and formation of gap junction plaques. These authors observed
that a truncated mutant of Cx36 (missing the ﬁrst 20 amino acids)
was retained in the cytoplasm when expressed in transfected neuro-
nal cells. Kyle et al. [25] created a series of mutants of Cx37 containing
deletions of different stretches of amino acids within the NT. When
tested by transient transfection of HeLa cells, a mutant with a deletion
of most of the NT (amino acids 2–21) was found only in the cyto-
plasm. However, all constructs containing at least 9 amino acids
formed gap junction plaques, implying that the absolute length of
the NT and the identities of speciﬁc amino acids are not requirements
for normal biosynthesis of gap junctions. In agreement with these
ﬁndings, Kyle et al. [26] found that expression of a Cx37 mutant con-
taining prolines at positions 10 and 15 (instead of the normal Leu10
and Gln15) also formed plaques. However, all of these mutations dis-
rupted hemichannel and channel function.
The positively charged amino acid at the carboxyl end of the NT
(position 23 in the α-connexins or 22 in the β-connexins) may have
a signiﬁcant role in connexin biosynthesis. Positively charged amino
acids in the hydrophilic intracellular domains of membrane proteins
can inﬂuence the orientation and insertion of hydrophobic trans-
membrane elements by acting as a “membrane anchor”. Thomas et
al. [27] studied a cataract-associated mutant of Cx50 (R23T) and a se-
ries of other amino acid substitutions for Arg23. They found that mu-
tants containing negatively-charged amino acids completely failed to
form plaques; most other substitutions allowed formation of some
plaques, but disrupted function.
NT amino acidsmay have a role in hetero-oligomerization of different
connexins into hexamers. Falk et al. [28] studied Cx32 and Cx43, two con-
nexins that do not normally make heteromeric channels. When they
1825E.C. Beyer et al. / Biochimica et Biophysica Acta 1818 (2012) 1823–1830replaced Asp12 and Lys13 in Cx43 with the corresponding amino acid
residues in Cx32, Ser and Gly, the mutant interacted with Cx43 (based
on co-localization within the secretory pathway and inhibition of func-
tion). However, when Gemel et al. [29] made comparable substitu-
tions of the corresponding residues in Cx40 or Cx43, they saw no
evidence of hetero-oligomerization with Cx26.
4. Roles of NT amino acids in channel gating, unitary conductance,
and permeability
Althoughmultiple domains of the connexin polypeptides contribute
to the biophysical properties of gap junction channels and hemichan-
nels, several of the amino acids within the NT have important roles in
voltage-dependent gating, unitary conductance, and permeability. NT
amino acids may also be involved in the modulation of channel activity
by some cytoplasmic components. Most of these amino acids have been
identiﬁed through studies in which site-directed mutants were gener-
ated and examined in in vitro expression systems. Several groups of in-
vestigators have conducted extensive series of experiments on this
subject.
Verselis, Bargiello, and colleagues have conducted a series of stud-
ies focused on elucidating the basis of transjunctional voltage (Vj) de-
pendent gating [30–32]. Vj-gating corresponds to rapid transitions
(observed in single-channel recordings) between a fully open and
one of several subconductance states that reduce the conductance
of the open state by ~80%. These studies began with the observation
that Cx32 and Cx26 showed opposite polarity of Vj-gating. Using a
chimeric approach, they showed that the difference in gating polarity
was due to the electrostatic effect of a charge difference in the second
amino acid [30]. They proposed that the Cx32 and Cx26 voltage sen-
sors are oppositely charged. The voltage sensor of Cx26 hemichannels
has a net negative charge due to the presence of Asp2 while the Cx32
sensor has a positive charge contributed by the unmodiﬁed N-
terminal methionine residue. Purnick et al. [31] reported that the po-
larity of Vj gating in Cx32 hemichannels could also be reversed by
negative charge substitutions at the 5th, 8th, 9th and 10th positions.
They suggested that the ﬁrst 10 amino acid residues of Cx32 were lo-
cated in close proximity to the aqueous pore and could sense changes
in the voltage ﬁeld allowing the NT to move as a single unit in re-
sponse to changes in voltage. Oh et al. [32] extended the studies of
substitutions of the 2nd, 5th, and 8th residues and concluded that
the charge at the 2nd position was also critical for determining the
polarity of Vj-gating.
In a related series of experiments, Oh et al. [33] studied positive or
negative charge substitutions at various positions of the NT in a chime-
ric connexin (Cx32 containing the ﬁrst extracellular loop of Cx43,
Cx32*43E1) hemichannel and demonstrated the importance of the
2nd, 5th, and 8th amino acids in determining charge selectivity. In this
study, negative charge substitutions at the 2nd, 5th and 8th positions
increased unitary conductance and cation selectivity while positive
charge substitutions at the 5th position decreased unitary conductance
and produced a non-selective channel [33]. They also found that a con-
struct with a cysteine substitution at position 8 could be modiﬁed by a
methanethiosulfonate reagent indicating that this residue lines the
aqueous pore (near the intracellular entrance of the channel). These re-
sults suggest that the charge selectivity of a connexin hemichannel is
determined by charges dispersed over the permeation pathway (in-
cluding several charged residues in the NT). (Some of these and related
studies are described inmore detail in the accompanying article by Bar-
giello et al. [34].)
Studies from other laboratories have suggested the general impor-
tance of the charge of the NT in determining the polarity of Vj gating
in other connexins. For example, replacement of Asp3 with asparagine
in Cx50 also resulted in an inversion of the polarity of Vj gating [35]. In-
terestingly, this substitution also affects the sensitivity of Cx50 channels
to CO2[35].Ebihara and colleagues [36–38] have used chimeric strategies to ex-
amine the different physiological properties of the connexins expressed
in the lens (including Cx43, Cx46, and Cx50), and found that several of
these properties were strongly inﬂuenced by amino acids within the
NT. Tong et al. [36] found that introducing the NT of Cx46 into Cx45.6
(the chicken ortholog of mammalian Cx50) slowed the inactivation ki-
netics of themacroscopic junctional currents, reduced the voltage sensi-
tivity of the steady-state junctional conductance, and decreased the
conductance of single gap junctional channels so that they all more
closely resembled those of Cx46. Their studies of individual amino acid
substitutions identiﬁed Arg9 of Cx46 as the main determinant for the
differences in voltage-dependent gating. Similarly, Tong and Ebihara
[37] found that Arg9 in theNT of Cx56 (the chicken ortholog ofmamma-
lian Cx46) was one of two critical determinants (along with Glu43) for
the difference in its voltage-dependent gating from Cx45.6. They also
found thatArg9 inﬂuenced single channel conductance and rectiﬁcation.
Dong et al. [38] showed that replacement of the NT of Cx45.6 with the
corresponding domain of Cx43 increased permeability to Lucifer yellow,
reduced the Vj-gating sensitivity, and reduced the unitary conductance.
Veenstra and colleagues have studied the inhibitory effects of
polyamines on some connexin channels and the inﬂuence of amino
acids near the cytoplasmic mouth of the pore (especially ones in the
NT) on this block. Musa and Veenstra [39] observed that spermine
was a potent inhibitor of gap junctional conductance in cells expres-
sing Cx40, but not Cx43. By replacing Glu9 and Glu13 in rat Cx40
with the corresponding amino acids from Cx43 (both lysines), Musa
et al. [40] eliminated the block by spermine. Interestingly, channels
formed from these substitution mutants also showed reduced Vj gat-
ing sensitivity and unitary conductance. Channels formed by the re-
ciprocal glutamate substituted Cx43 mutant were less Vj sensitive,
but did not become sensitive to spermine suggesting that the deter-
minants of this property are more complex than just these two resi-
dues. Subsequent studies have demonstrated that mutagenesis of
other NT residues in Cx40 (including His15, Lys16, and probably
Glu12) also affect spermine block [29,41]. Neutralization of His15
and Lys16 reduced the Vj sensitivity of Cx40 channels without affect-
ing their unitary junctional conductance or relative cation/anion per-
meability ratios. This suggested that these residues contributed to the
voltage sensor and spermine receptor of Cx40, without signiﬁcantly
altering the electrostatic surface charge potentials that contribute to
the ion selectivity of this gap junction channel [41].
The penultimate glycine (Gly21(22)) in the NT may also contribute
to channel properties. Xia et al. [42] studied a glycine to arginine substi-
tution in Cx50, Cx50G22R, that does not produce functional channels
when expressed alone. However, when co-expressed with Cx46, the
channels exhibit reduced junctional conductance and altered voltage
sensitivity [42].
It is interesting that the critical residues implicated in determining
these various physiological properties are among the most divergent
amino acids within the NT domain (see [26, 32, 35]) . Although overall
the sequence of this domain is quite conserved, the substitutions confer
many of the characteristic properties that differentiate channels formed
of different connexins.5. Mutations within the NT domain identiﬁed in patients with genetic
diseases
Mutations of connexin genes have been identiﬁed in patients with a
variety of inherited pathologies including sensorineural deafness (non-
syndromic and syndromic, especially associated with skin diseases), X-
linked Charcot–Marie–Tooth disease, cataracts, oculodentodigital dys-
plasia, and keratodermas. Disease-associated mutations have been
identiﬁed in all domains of the connexin polypeptide including the NT
of Cx26, Cx30, Cx30.2/Cx31.3, Cx31, Cx32, Cx43, Cx46, and Cx50. The
broad distribution of these amino acid substitutions across this region
Table 1
Intra- and inter-subunit interactions of NT amino acids.
Cx26 Interacting amino acid Cx37 Interacting amino acid
Subunit 1 Subunit 2 Subunit 1 Subunit 2
Asp2 Leu6 (side) Thr5 (NH) Asp3 Leu7 (side) Phe6 (NH)
Lys9 (side)
Trp3 Met34 Trp4 Leu35
1826 E.C. Beyer et al. / Biochimica et Biophysica Acta 1818 (2012) 1823–1830is illustrated in Fig. 2; details of the mutations and references for their
descriptions are included in Supplementary Table 1.
Some of these mutations have been studied in expression systems
to examine their cellular or physiological properties. Many mutants
(including Cx30G11R, Cx31G12R, Cx31G12D, Cx32W3S, Cx32G12S)
are absent from the cell surface or gap junction plaques (and some-
times have been localized to speciﬁc subcellular compartments of the se-
cretory pathway) and are non-functional [27,43-45]. Some others
(including Cx26S17F, Cx30T5M, Cx43Y17S, and Cx43G21R) localize to
gap junction plaques, but do not form functional channels [43,46,47].
Cx32R15W has no conductance above baseline at least partly due to a
severely reduced open probability [48]. Interestingly, some of the non-
functional mutants inhibit their co-expressed wild type counterparts
(like Cx43G21R) [49,50] potentially explaining autosomal dominant in-
heritance of the disease. Unusual mutants, like Cx32R15Q, show junc-
tional conductances that are not signiﬁcantly different from those of
their wild type counterparts, but may have alterations of channel proper-
ties (like alterations in steady-state conductance-voltage relationships)
[48]. A few mutations (including Cx26G11E and Cx26N14K) cause the
death of cells in which they are expressed [51,52]; mechanisms invoked
for these ﬁndings include increased hemichannel activity and dysregula-
tion of intracellular calcium levels.
6. Structure of the amino terminal domain
The structure of the NT domain was initially investigated by study-
ing synthetic peptides using circular dichroism and nuclear magnetic
resonance (NMR) [26,53-55]. Based on the studies of a 15 amino acid
peptide, Purnick et al. [53] proposed a model for the NT of Cx26 with
an α-helix extending from position 1 to position 10 and a critical
bend at positions 11 and 12 thatwas suggested to act as a “hinge” allow-
ing the ﬁrst 10 amino acids to swing into the pore and block the chan-
nel. Subsequent studies of longer peptides corresponding to the NT
domains in Cx26 [54] and Cx32 [55] generally supported this model.
Studies of a 23 amino acid peptide corresponding to the NT of Cx37
(an α-connexin) suggested that it is also primarily α-helical, especially
between amino acids 5 and 15 [26]. Furthermore, mutagenesis shows
that this structure is required for formation of functional channels, but
not gap junctional plaques [26].
A few years ago, Oshima et al. [56] published structural studies
of a “permeability” mutant (M34A) of Cx26 after crystallization of
Cx26M34A that had been expressed in Sf9 insect cells. Although these
studies were not of adequate resolution to identify individual aminoFig. 2. Distribution of mutations at different positions within the connexin NT identi-
ﬁed in hereditary human diseases. The number of mutations corresponds to the differ-
ent mutations identiﬁed at a given position (details and references are shown in
Supplementary Table 1). The sequence on the X axis represents the NT consensus se-
quence as shown in Fig. 1. The numbers below the NT consensus sequence indicate
the positions of the amino acid residues for β- and α-connexins.acids or to assign speciﬁc connexin domains within the structure, they
did identify a density within the pore of the channel which they sug-
gested might represent a bundle of N-termini acting as a “plug” to
close the channel. This suggestion was supported by the absence of
this “plug” in a subsequent study of a site-directed mutant with a dele-
tion of much of the NT [57]
Recently Maeda et al. [58] have determined the structure of a Cx26
channel at 3.5 Å resolution. (This structure is discussed in detail in the
accompanying manuscript by Tsukihara [59].) This structure does
show that the N-terminal regions of the six subunits line the pore en-
trance and form a “funnel”, which restricts the diameter at the en-
trance of the pore to 14 Å. Within the channel, TM1 and the C-
terminal half of TM2 face the pore, but the cytoplasmic half of TM1
is not exposed to its lumen, because it is covered by the ﬁrst part of
the NT which is α-helical (Fig. 3). The beginning of the NT is located
deep within the pore. The NT helix extends beyond the cytoplasmic
side of the membrane and then forms a loop (including the highly
conserved amino acids Ser17 and Thr18) that bends back to the mem-
brane where TM1 begins. The bend may be quite ﬂexible accounting
for the observation that the NT helices were the most mobile domains
in the Cx26 structure [58], and potentially allowing rapid movements
necessary for gating of the channel.
The structure determined by Maeda et al. represents an open con-
ﬁguration of the channel [58] . These authors have endorsed the
hypothesis that interactions between amino acids within the NT
helix and TM helices along the wall of the pore help to hold the
channel open. These authors identiﬁed two critical interactions:
(1) a circular hydrogen bond network between Asp2 and Thr5 of
the neighboring monomer at the narrowest portion of the funnel
and (2) a hydrophobic interaction between Trp3 (which is conserved
in almost all connexins) and a hydrophobic segment in TM1 from the
neighboring monomer (including Met34 in the case of Cx26) [58].Gly4 Gly5
Thr5 Phe6
Leu6 Asp2 (side) Thr5 (side) Leu7 Asp3 (side) Phe6 (side)
Ile9 (side) Leu10 (side)
Gln7 Leu89 Glu8 Gly5 (NH) Lys9 (side)
Glu8 (NH)
Leu90 (side)
Thr8 Lys9 Ile31 (side)
Ile9 Leu6 (side) Leu10 Phe6 (side)
Leu7 (side)
Leu10 Ala92 Leu11 Leu93 (side)
Ala96 Ile97 (side)
Gly11 Asp12 Thr27 (OH, side)
Lys162 (side)
Gly12 Gln13
Val13 Ala92 Val14 Leu93 (side)
Val95 (side) Val96 (side)
The ﬁrst column lists the amino acid residues within the portion of the NT that lines the
pore (indicated in red in Fig. 3). Interactions with amino acid residues from the same
connexin (intra-subunit) are listed in the column labeled Subunit 1 (yellow in Figs. 3, 4).
Interactions with amino acid residues in the adjacent connexin (inter-subunit) are listed
in the column labeled Subunit 2 (green in Figs. 3, 4). Amino acid residue interactions
within Cx26 are based on the structure determined by Maeda et al. [58]. Amino acid
interactions within Cx37 are predicted based on homology modeling after substitution of
its sequence into the Cx26 structure. The amino acid regions or chemical groups involved
in intra- and inter-molecular interaction between the amino acids are indicated in
parenthesis.
Fig. 3.Models illustrating the relationships between subunits (protomers) and their NT domains within a gap junction hemichannel based on the structure of the Cx26 gap junction
channel [58]. A. Ribbon model of two adjacent subunits. Subunit 1 is shown in yellow, and Subunit 2 is shown in green. The regions of the NT domains that face the pore are indi-
cated in red. The four transmembrane helices are identiﬁed (TM1-TM4). This structural model is oriented with the cytoplasmic side of the channel at the top and the extracellular
side at the bottom. B. Ribbon model representations of all six subunits (illustrated in different colors except for their NT domains that are shown in red) within a hemichannel
viewed from the cytoplasmic aspect.
1827E.C. Beyer et al. / Biochimica et Biophysica Acta 1818 (2012) 1823–1830Additional hydrophobic interactions stabilize the binding between
the NT and TM2 of the same subunit as detailed in Table 1.
The general features of the Cx26 structure likely apply to the other
members of the family. The alignment of the NT sequences of differ-
ent connexins (Fig. 1) shows that some of the residues most critical
for structural features are highly conserved, including Trp3(4),
Leu6(7), Leu9(10), Leu10(11), Val13(14), Ser17(18), Thr18(19),
To predict critical interactions for amino acids within the NT do-
main of another connexin, Cx37, we developed a homology model
by substituting the sequence of Cx37 into the coordinates determined
for the Cx26 structure and applying energetic optimization to eliminate
bad contacts (as described in Supplementary Methods).
The predicted Cx37 structure preserves some of the interactions
identiﬁed in Cx26. The Cx37 structure appears to be stabilized by
some hydrophobic interactions that are strengthened in Cx37 and
by several additional electrostatic interactions. Asp2 of Cx26 has crit-
ical van der Waals contacts with the nonpolar atoms of the side chain
of Leu6 (not shown) in the same connexin subunit, and its side chain
carboxyl group forms a hydrogen bond with the amide group of Thr5
in the adjacent connexin subunit (Fig. 4A); similar interactions occur
in Cx37 between the corresponding Asp3 and Leu7 (Fig. 4B) and Asp3
and Phe6 (not shown). However, the model predicts that Asp3 (to-
gether with Glu8 in the same subunit) of Cx37 has additional electro-
static interactions with Lys9 in the adjacent monomer (Fig. 4B, C). The
van der Waals interaction between Trp3 and Met34 (of the adjacent
subunit) inside of the hydrophobic core may be much more impor-
tant in Cx26 (Fig. 4D) than the corresponding relationship between
Trp4 and Leu35 in Cx37 which are predicted to be farther apart
(Fig. 4E). Hydrophobic interactions between the NT and TM2 appear
important for both connexins. In Cx26, Leu10 and Val13 interact
with hydrophobic residues including Ala92 and Ala96 (Fig. 4F); how-
ever, in Cx37 the corresponding interactions of Leu11 and Val14
would lead to the formation of a tighter hydrophobic knot due to
the longer side chains of Leu93 and Ile97 (Fig. 4G). The cytoplasmic
part of the NT of Cx26 (Gly11) has limited interactions with the adja-
cent transmembrane helices from the same subunit (Fig. 4H), but the
homology model predicts that Asp12 of Cx37 has strong electrostatic
interactions with Lys162 at the base of TM3 and forms a hydrogen
bond with Thr27 of TM1 (Fig. 4I). Overall, it is predicted that the
structure of the open Cx37 channel may be more stable than that of
the open Cx26 channel.We chose Cx37 for our comparison to Cx26, in part because of our
previous interests in the importance of the NT domain for its behavior
[25,26], but also because structural similarities identiﬁed through
comparison to a member of a different connexin sub-family might in-
crease the likelihood of generalizable conclusions. Nevertheless, sev-
eral caveats apply to our predictions of critical interactions of NT
amino acids. An obvious issue is that the Cx26 structure does not in-
clude Met1; similarly, our homology model does not contain Met1 or
Gly2 of Cx37 (much less account for the possible removal of the me-
thionine and acetylation of the glycine). Because Asp3 in Cx37 has a
similar location to Asp2 in Cx26, the model predicts a similar radius
of the pore at its narrowest point; however, this similarity may be
hard to reconcile with the unitary conductance and permeability dif-
ferences between Cx26 and Cx37 channels. There are several bad con-
tact points in regions of the Cx26 crystal structure that may be
corrected in subsequent studies; in our modeling, we have eliminated
prohibited contacts. Certainly, the actual residue interactions present
in different connexins may not always correspond to those predicted
by the homologymodeling. Many of theα- and β-group connexins do
not form either heterotypic or heteromeric channels with each other,
suggesting that they have differences in structure and amino acid in-
teractions (in at least some domains). Indeed, our own NMR studies
suggest that the α-helical portion of the NT in Cx37 may be longer
than that in Cx26 [26].
7. Unanswered questions and directions for future studies
The substantial sequence conservation among connexins and the
predictions from homology modeling suggest that gross features of
the Cx26 structure will be shared by other connexins. However,
some details of the structure of the NT and especially the amino
acid residues involved in the relationships between the NT and
the other connexin domains within a hemichannel (like those
that line the wall of the channel) will not be the same for all con-
nexins. While Maeda et al. [58] emphasized the importance of
Asp2 for the Cx26 structure, the amino acid at this position is
not absolutely conserved in all connexins (e.g., it is an asparagine
in Cx32) (Fig. 1). Some connexins have longer NT domains; Cx36
has an interposed amino acid (Ala14), and Cx47 has additional
amino acids at the beginning of the molecule (Fig. 1). The residue
corresponding to Met34 (of Cx26) may not be implicated in
Fig. 4. Comparison of the interactions of Cx26 NT amino acids with those predicted for the Cx37 NT based on homology modeling. A. In Cx26, Asp2 forms a hydrogen bond with Thr5
of the adjacent monomer. B. In Cx37, Asp3 similarly forms a hydrogen bond with Phe6 of the adjacent monomer (not shown) and additionally participates in hydrophobic inter-
actions with Leu7 in the same monomer. C. In Cx37, both Asp3 and Glu8 interact electrostatically with Lys9 of the adjacent subunit. D. In Cx26, the side chain of Trp3 participates in
van der Waals contacts with Met34 in TM1 of the adjacent subunit. E. In Cx37, there is a weaker interaction between the corresponding amino acid residues, Trp4 and Leu35, be-
cause their side chains are farther apart. F. In Cx26, Leu10 participates in hydrophobic interactions with Ala92 and Ala96 in TM2 of the same subunit, and Val13 interacts with Ala92
and Val95 (not shown). G. In Cx37, Leu11 has more extensive interactions with the corresponding Leu93 and Ile97 because of their longer side chains. Val14 has signiﬁcant hydro-
phobic interactions with Leu93 and Val96. H. In Cx26, Gly11 does not have signiﬁcant electrostatic or hydrogen bonding interactions with Thr26 and Arg143 although their side
chains are in proximity. I. In Cx37, Asp12 (the substitution for Gly11) interacts through a hydrogen bond with Thr27 in TM1 and electrostatically with Lys162 in TM3 of the
same subunit.
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modeling does not predict an interaction of the corresponding res-
idues in Cx37 (Fig. 4E). Furthermore, in Cx46 (another α-
connexin), a cysteine substitution of the corresponding position
(Leu35) is accessible to cysteine modifying agents from the extra-
cellular side of the hemichannel indicating that it lines the hemi-
channel pore [60].Resolution of these issues will require further structural and func-
tional studies on wild type and mutated members of the connexin
family. They may lead to the identiﬁcation of compensatory changes
in the connexin sequences that maintain interactions among subunits
to form hemichannels as well as interactions involved in holding
channels open or closed. Future studies should provide a structural
basis for understanding how differences in NT domains contribute
1829E.C. Beyer et al. / Biochimica et Biophysica Acta 1818 (2012) 1823–1830to connexin speciﬁc physiological properties like gating by voltage,
conductance, and permeability.
Since modiﬁcations of amino acids within the connexin NT
region may affect their intra- and inter-subunit interactions, the
extent and functional consequences of the modiﬁcations also need
to be examined. N-terminal acetylation (as observed in some α-
connexins) would neutralize the positive charge of the amine group
of Gly2 and increase its volume. These alterations might affect gating
or its polarity, charge selectivity and/or pore diameter. Similarly, a
relative change in the negative charge of the NT region by phosphor-
ylation, hydroxylation or deamidation of amino acid residues may
affect gating, permeability and single channel conductance. A modiﬁ-
cation that decreased or blocked the interaction of the NT with the
TM helices along the pore wall should result in decreased or absent
function.
One important unresolved question is the timing of modiﬁcations of
NT amino acids during the life cycle of connexins. These modiﬁcations
require interaction with cytoplasmic modifying enzymes like kinases
or the N-terminal acetyltransferase complexes. It seems likely that
some modiﬁcations occur co-translationally or post-translationally
prior to oligomerization when the NT is accessible. Interactions should
only occur post-translationally (or within oligomeric hemichannels) if
the NT had a different conformation than that determined in the struc-
tural studies of Cx26, since the protein interactions would otherwise be
prevented by steric hindrance. For similar reasons, further investigation
of interactions of the NT domain with other cellular proteins (like be-
tween Cx32 and calmodulin) seems warranted.
Supplementary materials related to this article can be found online
at doi:10.1016/j.bbamem.2011.10.011.
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